Synthetic receptors for biomacromolecules lack the supramolecular self-assembly behavior typical of biological systems. Here we propose a new method for the preparation of protein imprinted polymers based on the specific interaction of a peptide multi-functional block with a protein target. This peptide block contains a protein-binding peptide domain, a polymerizable moiety at the C-terminus and an environment-sensitive fluorescent molecule at the N-terminus. The method relies on a preliminary step consisting of peptide/protein supramolecular assembly, followed by copolymerization with the most common acrylate monomers (acrylamide, acrylic acid and bis-acrylamide) to produce a protein imprinted hydrogel polymer. Such a peptide block can function as an active assistant recognition element to improve affinity, and guarantees its effective polymerization at the protein/cavity interface, allowing for proper placement of a dye. As a proof of concept, we chose Bovine Serum Albumin (BSA) as the protein target and built the peptide block around a BSA binding dodecapeptide, with an allyl group as the polymerizable moiety and a dansyl molecule as the responsive dye. Compared to conventional approaches these hydrogels showed higher affinity (more than 45%) and imprinted sensitivity (about twenty fold) to the target, with a great BSA selectivity with respect to ovalbumin (a = 1.25) and lysozyme (a = 6.02). Upon protein binding, computational and experimental observations showed a blue shift of the emission peak (down to 440 nm) and an increase of fluorescence emission (twofold) and average lifetime (Dt = 4.3 ns). Such an approach generates recognition cavities with controlled chemical information and represents an a priori method for self-responsive materials.
Introduction
The precision of nature is inspiring chemists in developing wholly synthetic receptors, adapting concepts of supramolecular chemistry to appropriately locate key residues involved in the interaction with targets. 1, 2 To this end, as an alternative to natural receptors, [3] [4] [5] Molecularly Imprinted Polymers (MIPs)
are emerging as a platform of materials, being highly robust and relatively inexpensive, and useful for the development of selective sorbents in a diverse range of applications such as separations, sensing, catalysis and drug discovery. [6] [7] [8] [9] [10] [11] Among the different imprinted polymer strategies, the bulk imprinting of hydrogels results in a successful approach, suitable for biological macromolecules. 12 Hydrogels provide a highly hydrated bioinspired environment with tunable mechanical properties and high chemical flexibility for the straightforward production of engineered analyte-specific HydroMIPs (hydrogel molecularly imprinted polymers). [13] [14] [15] Moreover, unlike with small molecule templates, 16, 17 the imprinting of biomacromolecules (>1500 Da) still poses challenges. 7, 18, 19 Indeed, one of the a Interdisciplinary Research Centre on Biomaterials (CRIB) Università degli studi di major limitations for proteins and oligonucleotides (DNA/RNA) is their complex and flexible three-dimensional structure that is easily modified upon environmental changes (i.e. temperature, ionic strength or pH) and exposure to different patterns of interactions, impairing their natural selectivity. 20 Nevertheless, successful examples of imprinted hydrogels for proteins were obtained through a configurational biomimetic approach, 21 metal ion-mediated imprinting 22 or making use of assistant recognition polymer chains (ARPCs). 23 However, these approaches are based on labor-intensive monomer pre-polymer screening toward specific templates with limited applicability to all biomacromolecules. Moreover, further issues arise with the development of MIPs for biosensing applications. Several efforts have been made to realize optically active MIPs, in particular, environmentally sensitive dyes have been incorporated within the site of interaction, 24, 25 showing changes in their optical properties (i.e. wavelength of emission, intensity and/or lifetime) with respect to physical or chemical changes in their surroundings. 26, 27 Along these lines, Takeuchi's group introduced approaches for a posteriori in-cavity modification of protein-imprinted hydrogels to obtain multi-functional materials (on/off switching of molecular recognition, signal transduction of binding events and photoresponsive and catalytic activities). 28, 29 The resulting procedures are rather complicated as they often require the synthesis of small organic molecules, the modification of sacrificial proteins and some specific cleavage procedures after the polymer synthesis. Thus the need to chemically access the cavity might be achieved by an a priori easy approach that exploits the assembly of structurally and chemically complementary biomolecules to drive the generation of recognitive cavities with well-oriented chemical information.
Peptides have been widely used as probes in protein-protein or peptide-protein interactions for drug delivery, enzyme catalysis and biosensors. 30, 31 Although peptides possess low binding affinities, the great advantage of their use lies in the easy and versatile cost-effective chemical synthesis with high yield, high stability and access to non-native chemistries. The use of peptides in macromolecular imprinting approaches has not been reported so far. Few examples describe a rational design of peptides for the development of ATP synthetic receptors. 32, 33 Peptides offer the possibility to create molecular scaffolds with tailored block units with multiple functions, for example recognition, signal transduction, catalysis and tethering.
34-36
Herein we introduce a novel approach for protein imprinting based on the in-cavity incorporation of a peptide multi-functional block, working as an Active Assistant Recognition Element (AARE), and at the same time capable of driving the proper orientation of the target at the polymer interface, participating in the polymer network to control the cavity chemistry and reporting the binding event. In detail, we introduced a pre-polymerization phase where the AAREs interact with the protein (peptide/protein supramolecular assembly), co-polymerize with acrylate monomers and retain the fluorophore in an appropriate location to obtain a Hybrid Peptide-Polymer Imprint (HyPPI) (Scheme 1).
In this study, we rationally designed and characterized a peptide block with three different units addressing: (i) the protein recognition, (ii) the polymerization phase and (iii) the fluorescence reporting. As a proof of concept we chose Bovine Serum Albumin as the protein target, a BSA-binding dodecapeptide as a binder, an allyl group as the polymerizable unit and a dansyl molecule as the environment-sensitive unit. Then, the effect of AARE inclusion in HyPPIs was evaluated in terms of the binding and specificity properties in comparison with conventional polyacrylamide HydroMIP. Finally, the optical sensing capabilities of the responsive materials were studied by quantum mechanical calculations and experimental analysis in terms of fluorescence emission and lifetime.
Result and discussion
Rational design and characterization of AARE Herein, the AARE is based on a Serum Albumin peptide (SAp) specifically interacting with the BSA protein (Fig. 1a) .
Previously selected by Dennis et al. 37 through phage display screening, SAp (Table S2, S7(a and b) and S8, ESI †). Here, SAp was used as a scaffold for the specific introduction of functionalities in order to ensure the polymerization at the protein/cavity interface, and to allow for suitable location of the responsive probe. Specifically, we considered the conjugation of SAp with the dansyl dye, in order to exploit its capability to recognize the change of polarity when passing from an aqueous solution environment to in proximity to the protein (Fig. 1a) . Quantum mechanical calculations performed in a water solution suggest that the photophysical signatures of the dansyl dye remain unaffected by its conjugation into the peptide structure, Fig. 1b (see the ESI † Scheme 1 HyPPI approach: the affine peptide for a given target is used as a molecular scaffold to guide the specific interaction and support an environment-sensitive fluorophore (dansyl). The HyPPI approach relies on two pre-polymerization steps where (i) a peptide block/template supramolecular complex is formed and subsequently (ii) the bimolecular complex is conditioned with the mixture of monomers to form weak interactions and then co-polymerized to obtain the hydrogel network. In this way, a hybrid recognition cavity is formed between the polymer and the multi-functional peptide block, capable of directing the template and of locating the functionalities at precise 3D positions.
for the computational details). From an experimental point of view, the AARE is still able to interact with BSA, retaining the same affinity and stoichiometry as the native peptide sequence (K D = 13.18 mM and the stoichiometry n E 1) (Fig. 1c) . It is strongly sensitive to the local polarity of its surrounding environment (Fig. 1d) . With an increase in the BSA concentration, both an increase of the fluorescence emission intensity and a blue shift of the emission peak are observed (Fig. 1d) . Specifically, the wavelength of the maximum emission shifts from 540 nm to 500 nm, whereas the fluorescence intensity increases up to a BSA concentration of 1 mM (equimolar to the peptide concentration). The control experiment with a n-AARE sequence (i.e. non affine AARE peptide) is reported in Fig. S9 (ESI †). We tried to interpret the effect of the BSA protein on the AARE fluorescence using quantum mechanical calculations. The protein environment is usually characterized by a low dielectric constant (e E 2.5). 38 The protein polarity effect on the dansyl emission energy can be therefore compared to that of a low polar solvent, which can be in turn modeled implicitly. 39 In this way it is possible to take into account the effect of the protein polarity, although an atomistic description of the residues is lost. Here, the emission energy of the dansyl molecule was calculated both in cyclohexane (e = 2.02), representative of the local environment encountered by the dansyl in the presence of the BSA protein, and in water, simulating the local environment in its absence (Fig. S10 , ESI †). Calculated values show a nice quantitative agreement with the experimental ones obtained from the spectrophotometric titration with the BSA protein. Specifically, the emission energy is computed to be 523 and 494 nm in water and cyclohexane solution, respectively, thus reproducing 30 out of the 40 nm total shift in the emission maximum. In both the solvents the emission is from an intramolecular charge transfer (ICT) state initially generated by a HOMO-LUMO transition, with the charge transfer involving the dimethylamino and the naphthyl groups. This ICT state is destabilized with respect to the ground state when passing from a polar to a non-polar environment, causing a blue shift in the emission band. We can therefore attribute the blue shift of the fluorescence band to the change of the local dielectric constant felt by the dansyl dye upon the formation of the BSA-AARE complex. Regarding the increase of the fluorescence emission in the presence of BSA, we can hypothesize, also on the basis of previous studies, that decay processes quenching the fluorescence yield (when the dansyl tag is embedded in a highly polar environment) become less important with the formation of the BSA-AARE complex. 40 In order to deepen the understanding of this key aspect, the fluorescence decay kinetics in solution were also analyzed. The AARE and the control, n-AARE, showed a bi-exponential decay with a t average of around 8.7 ns and 8.2 ns, respectively (Table S3 , ESI †). Upon titration with BSA, the AARE t average value increases up to 12.5 ns, at saturation point. Specifically, the two components t 1 and t 2 reached respective values of around 4.6 and 16.6 ns, while no significant variations were observed in the case of n-AARE (Table S3 , ESI †). It is worth noting that the t 2 value increases significantly with the BSA concentration and this can be easily attributed to the ICT state, which is sensitive to an apolar environment. On the basis of the t 2 values, we estimated the non-radiative decay rates for the ICT state by adopting a general protocol recently formulated by us 41, 42 and briefly reported in the ESI. † Values of 0.0500 and 0.0319 ns À1 were respectively computed for the non-radiative decay rates in water and BSA with a ratio equal to 1. These data clearly suggest that the non-radiative decay pathways are less important in an apolar environment, leading to an enhancement of dansyl fluorescence emission. Based on these investigations, we can conclude that the dansyl dye comes into contact with a low polarity region of the protein after the AARE-BSA complex formation. This in turn enables the enhancement of the quantum yield upon BSA binding, and consequently also of the lifetime and the fluorescence intensity values.
Setup for HydroMIP preparation
Prior to the integration of the AAREs inside the recognition cavity, we set up a basic formulation of polyacrylamide Hydro-MIP for the preparation of BSA imprinted hydrogels. Hydrogels for imprinting are not very highly crosslinked and therefore mechanical integrity, as well as the capability to swell and collapse in different environments, has to be carefully taken into account to guarantee their use in imprinting processes. Along these lines, a preliminary study was carried out to find the best formulation in terms of effective re-binding, imprinting factor and selectivity in monomers and crosslinking concentrations preserving mechanical integrity. The BSA protein is employed as a template molecule. The polymer matrix formed here was based on the co-polymerization of acrylamide (AAm) and acrylic acid (AAc) with bis-acrylamide (Bis) as the cross-linking agent, according to a T% and C% variation scheme (Table S1 , ESI †). This is one of the most commonly used recipes for macromolecular imprinting under mild polymerization conditions in order to avoid thermal unfolding of proteins. [20] [21] [22] Soon after the polymerization the bulk hydrogel was comminuted into particles with an average size of 150 mm (Fig. S3 , ESI †) and washed several times with different solutions to remove the templating agent, BSA, with an efficiency at least of 79.3% (Fig. S1 , ESI †). The results reported in the radar chart ( Fig. 2) allow the different features to be appreciated at a glance. Thus, the preparation 15%T : 10%C better satisfied all considered parameters with a high imprinting ratio and selectivity (with respect to an interfering protein, lysozyme) and one of the highest capabilities to bind the template protein.
HyPPIs: imprinting and binding features with the fluorescent BSA
For the preparation of HyPPI, the monomers and all synthetic conditions selected for the HydroMIP setup were used to incorporate an AARE inside the recognition cavity. For the optimization experiments with HyPPI, the AARE sequences were synthesized without a dansyl reporter and are defined as SAp-Oall (the Serum Albumin peptide with an allyl group), (Scheme 1). SAp-Oall is added to the template in 1 : 1 stoichiometry during the pre-polymerization step and results in a very low quantity with respect to the monomers (molar ratio Sap-Oall/monomers = 1/10 5 ), and so a significant influence on the imprinting process is not expected. The adsorption features of the fluorescein-conjugated template (BSA-FITC) were analyzed via confocal microfluorimetry both in HydroMIP and in HyPPI, and compared to evaluate the contribution of SAp-Oall in the recognition properties. The microscopic images of the imprinted polymer microparticles after being soaked in BSA solutions of different concentrations are shown in Fig. 3a .
To study the affinity of HydroMIP and HyPPI (and related not-imprinted controls), the fluorescence emission of the labeled template versus its concentration (in the range of 0.01 to 2.25 mM) is plotted (Fig. 3b) and fitted with Hill's equation, allowing estimation of the dissociation binding constants in a low micromolar range. Notably, the Hill coefficient (n H ), equal to 1.2, is indicative of the site cooperativity during the recognition process for both HyPPI and HydroMIP, an effect that is already reported for protein imprinted polymers due to the multiple interactions and heterogeneous distribution of binding sites. 43, 44 However, considering the ratio between the affinity constants (K D ) determined from the curve-fitting in Furthermore, in order to probe the role of the peptide in a selective recognition process, selectivity experiments were conducted using binary mixtures of proteins, more representative Fig. 2 In the radar plot the three parameters considered for the imprinting recipe expressed as T% and C% are highlighted (plotted in log scale). (The raw data are reported in Table S1 , ESI †).
of the environments in which these polymers would actually be used. 45, 46 Specifically, we carried out competitive binding experiments to evaluate the re-binding efficiency of BSA-FITC (at a fixed concentration) in the presence of one of these three different competitive proteins (at different molar ratios) using microfluorimetry: the same BSA (not-fluorescent) and another two interfering proteins with different molecular weights and isoelectric points. Specifically, we used lysozyme (LYS), a small (with a molecular weight of 14 kDa) surface-charged protein, and ovalbumin (OVA), a 44 kDa protein containing a high percentage of homologous sequences with BSA. Moreover, OVA was unable to interact with SAps during the phage display screening. 37 As shown in Fig. 3c and in Fig. S11 and S12 (ESI †),
HyPPI exhibited a higher selectivity than HydroMIP. Specifically, in the presence of a 300-fold excess of BSA, the fluorescence intensity of BSA-FITC halves in the case of HydroMIP. Under the same conditions, the fluorescence intensity of BSA-FITC in HyPPI is 75% lower than that of the control, confirming a more selective cavity. In the case of LYS, no statistical differences were recorded. LYS is positively charged at a pH below its pI value, which would lead to remarkable electrostatic interactions between the protein and the formed polymers. However, in the presence of LYS, BSA adsorption is not affected because of the specific interactions occurring between the BSA and HyPPI cavities. In contrast, in the presence of an excess of OVA, the HyPPI still adsorbs BSA-FITC even if in a lower amount (85%), and the same is true in the case of HydroMIP although the amount of BSA-FITC adsorbed is even less (about 50%). All these results are evidence that HydroMIPs are able to impart selectivity on the basis of size and charge as in the case of LYS, while for homologous sequences (BSA and OVA), a lower selectivity is reported. 44 Instead, for
HyPPIs a combination of a memory effect in size, conformation, chemical properties and multiple complementary interactions played an important role in BSA recognition. As a result, the imprinted polymers preferentially bind BSA with respect to homologous proteins. This can be ascribed to the AARE which guides the recognition of the template and confers to HyPPIs important discriminating features.
Dansyl-HyPPI: fluorescence transduction of BSA binding
Dansyl-HyPPI (i.e. hybrid dansyl-peptide-polymer imprint) was synthesized to obtain highly selective and responsive imprinted materials. In this case we would exploit the capability of AAREs to effectively orientate the dye and to directly report the binding event. Specifically, the AARE was introduced in the synthesis of the hybrid cavities by replacing SAp-Oall under the same polymerization conditions. The responsiveness of dansylHyPPIs to template rebinding is directly evaluated by interrogating tiny amounts of material (1 mg) excited at 330 nm with a spectrofluorometer. It is worth noting that high fluorescence intensity in the imprinted (Fig. 4a inset) and not imprinted (Fig. S13 , ESI †) hydrogels is recorded, and their emission wavelengths shifted to a more blue region (440 nm and 410 nm, respectively) compared to that of the AARE (540 nm). This behavior indicates a strong hydrophobic interaction between dansyl molecules and polymer chains in both cases. However, after BSA incubation, the fluorescence intensity of dansyl-HyPPI considerably increases with a dose-dependent behavior, as shown in Fig. 4a . This suggests that the sensitivity of dansyl to the presence of BSA is still retained after its copolymerization in the hydrogel network and that the reporter is properly located and oriented within the cavity for effective sensing. A linear dynamic range of 0.20-2.65 mM was explored. As a reference sample, we considered the dansylHyPPI_negativeCTRL (where n-AARE is used in the imprinting process) and in this case no increase of fluorescence intensity and no shift of the wavelength of maximum emission were observed upon BSA adsorption (Fig. 4a) . The K D determined by fitting the dansyl-HyPPI data with the standard Hill's equation was 1.8 AE 0.5 mM. The resulting limit of detection was about 0.56 mM. The sensitivity factor (S f ) of these hydrogels for BSA was calculated by S f = DF/F 0 , in which F 0 is the fluorescence intensity of the background signal. 47 The S f values of dansylHyPPI and dansyl-HyPPI_negativeCTRL for BSA were 0.65 and 0.03, respectively. The imprinted sensitivity (IS), from the ratio of S f (dansyl-HyPPI)/S f (dansyl-HyPPI_negativeCTRL), was equal to 21 and confirmed the high responsiveness of the material to the target, attributable to the suitable location of the specific peptide inside the cavity. Furthermore the selectivity of the dansyl-HyPPI was evaluated by comparing the optical response of the BSA imprinted polymers to that of other proteins. Specifically, we carried out direct adsorption experiments to evaluate the re-binding efficiency of OVA and LYS (exploring a concentration range between 0 and 2.25 mM) to the dansylHyPPIs.
No enhancements in fluorescence intensity and no shift of the maximum wavelength of the band were observed upon LYS adsorption (Fig. 5a) .
Instead, the binding of the competitor OVA to dansyl-HyPPI was considerably weaker, and a plateau was not reached, showing a lower affinity and binding capacity than that of BSA (Fig. 5b) . In Fig. 5c , a plot of DF/F 0 as a function of both protein concentrations is reported. The selectivity (a) of the imprinted hydrogel was evaluated using the ratio of sensitivity of BSA to other proteins, a = S f (BSA)/S f (protein). The a(BSA/ OVA) value was 1.25 and a(BSA/LYS) was 6.02 for the dansylHyPPI, confirming the good selectivity for imprinted molecules of these new imprinted hydrogels.
Furthermore, in the analysis of the dansyl-HyPPIs lifetimes without BSA, two components were identified, corresponding to t 1 = 3.73 ns and t 2 = 14.46 ns. The increased value of t 2 with respect to that evaluated in solution (Fig. 4b) again reflects the different microenvironment experienced by the dansyl electronic states once in the cavities. After protein incubation, a considerable increase in the t 2 values was observed at high BSA concentrations (up to 18.70 ns). As a consequence, the average lifetime for dansyl-HyPPI changes from 12.7 ns to 17.0 ns, at saturation concentrations. As result, it is possible to analytically quantify the presence of the protein by following the t 2 signal. In contrast, the corresponding dansylHyPPI_negativeCTRL showed no sensitivity toward protein titration. Dansyl HyPPI non-radiative decay constants, calculated according to quantum mechanical analysis, were 0.0326 and 0.025 ns À1 for BSA concentrations of zero and 2.6 mM, respectively. These values are smaller than those obtained for the AARE peptide in solution, demonstrating that fluorescence quenching mechanisms are more inhibited in the presence of the polymer, as previously indicated by experimental data (Fig. 4a inset and Fig. S13, ESI †) . 47 Here a fluorescence ''turnon'' mechanism inside imprinted hydrogels was successfully implemented in a straightforward way by exploiting a supramolecular complex between the target template and the specific peptide derivatized with a reporter unit consisting of a solvatochromic dye. As result a clear relationship between the protein concentrations and lifetime average/emission intensity has been demonstrated, giving such a material efficient selfreporting properties.
Conclusions
We have reported a facile method to generate a protein imprinted polymer with chemically-controlled recognition cavities. Such an approach allows a priori in-cavity modification, through the integration of peptide multi-functional blocks rationally designed to include three different units: a peptide binder that plays a role in BSA recognition; an allyl moiety useful for its inclusion into polymer networks and a dansyl derivative responsible for the fluorescence reporting. Such an approach relies on an easy modification of conventional imprinting methods introducing a pre-polymerization step to allow for supramolecular assembly, in order to appropriately place the peptide inside the cavity. As a proof of concept of such an approach, we introduced a single peptide for the BSA protein.
The assembly of a peptide block with the BSA protein drives the suitable in-cavity location of all functional units for both improved selective recognition and effective sensing of the protein. Specifically, the as obtained hybrid peptide-polymer protein imprinted materials showed enhanced binding capability and a remarkable selectivity in the presence of interfering proteins (OVA and LYS). Such a material also proved its ability to self-report the protein-binding event, acting as a fluorescence biosensor. Indeed, optical response variations (in terms of fluorescence intensity and lifetime) upon the rise in BSA concentration are ascribable to an effective interaction between the protein and environment-sensitive dansyl molecule, after defined spatial positioning inside the cavity.
Along these lines, it is possible to realize multi-point, noncovalent interactions through the use of a mixture of affine sequences during the pre-polymerization phase, which could target different protein epitopes and predictably further increase the protein affinity and selectivity.
For the development of effective synthetic receptors, the arrangement in 3D space of the different units, acting as functional sites, is an important factor and can benefit a highly cooperative combination of interactions. In this regard, the use of peptide molecules as scaffolds in polymer imprinting is useful to restrict the molecular orientation of active sites. Because of their easy chemical synthesis, peptide molecules can implement many types of reactive groups for a plethora of chemical cross-linking and transduction strategies. The proposed approach provides the basis for a new and general strategy, applicable to any target, for sensing, chromatography or catalysis purposes.
Experimental section

Materials
Acrylamide (AAm), acrylic acid (AAc), methylene bis-acrylamide (BIS), bovine serum albumin (BSA), sodium chloride (NaCl), BSA-fluorescein isothiocyanate conjugate (FITC-BSA), lysozyme (Lys), ovalbumin (OVA), fluorescein isothiocyanate (FITC), disodium carbonate (Na 2 CO 3 ), potassium persulfate (KPS) and N,N,N 0 ,N 0 -tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate buffer saline (PBS) was provided as tablets by MP Biomedicals and was always used at pH 7.4 and 0.01 M. Reagents for peptide synthesis (Fmoc-protected amino acids, resins and activation and deprotection reagents) were from Novabiochem and InBios. Solvents for peptide synthesis and HPLC analyses were from Romil.
Polymer synthesis and characterization
The setup of the recipe and the relative amounts of the monomers (acrylamide and bis-acrylamide) have been optimized according to two key parameters: T% and C% (respectively total monomer % and cross-linker %) (see the ESI, † and Table S1 ). Specifically, we alternately varied the amount of AAm and AAc between 3-9% and 1.5-4.5% (expressed in w/v%), respectively, while varying the cross-linker amount between 0.5-3% to obtain different preparations tagged as T% and C% (see the ESI †). In addition, taking into account the reactivity ratio of the monomers, the ratio of AAm to AAc was fixed at AAm/AAc 2 : 1. The optimized HydroMIP formulation was 9% AAm, 4.5% AAc and 1.5% BIS (expressed in %w/v) added to a BSA solution at a monomer/template molar ratio (M/T) fixed at 10000 : 1. AAm, AAc and BIS were mixed and neutralized (pH B 7) with 1M NaOH and then added to a buffered BSA solution, under gentle stirring for 30 min. Polymerization was initiated by purging the solution with N 2 for 3 min and adding potassium persulfate (KPS, 0.6 w/v% monomers) to generate free radicals, and was catalyzed by N,N,N 0 ,N 0 -tetramethylethylenediamine (TEMED, 0.8 w/v% monomers), under vigorous magnetic stirring and a continuous nitrogen stream (for 30 min at RT). 12, 21 The synthesis of HyPPIs was carried out with the same recipe of HydroMIPs using a BSA/SAp-Oall complex (or BSA/AARE complex) instead of the BSA solution, in a1 : 1 molar ratio as provided by ITC (Isothermal Titration Calorimetry) analysis. In any case, the polymerization was terminated by transferring the monolithic gel in a beaker, adding 90 mL of PBS and homogenizing for 15 min in an ice bath to produce particles. The resulting microparticles were collected by centrifugation and washed repeatedly to remove: (i) the protein templates, (ii) the adsorbed oligomers and (iii) the unreacted monomers (Fig. S1 , ESI †). The chemical, morphological and dimensional characterizations of the particles are reported in Fig. S2-S4 in the ESI. † Control polymers, defined as HydroNIPs (hydrogel non-imprinted polymers) and n-HyPPIs (non Hybrid Peptide-Polymer Imprints) were prepared exactly under the same conditions without BSA.
Active Assistant Recognition Elements (AAREs) design, synthesis and binding characterization
The Active Assistant Recognition Elements (AAREs) are peptides designed and prepared by a solid phase method following the Fmoc strategy on a Rink amide resin as reported elsewhere 47 ( Table S2, 
Computational analysis of fluorescence features by TD-DFT
The investigation of the ground and excited state potential energy surfaces of a dansyl-peptide model system was carried out through density functional theory (DFT) and its time dependent version (TD-DFT), respectively. Solvent effects were described by the polarizable continuum model in its conductorlike version (CPCM), considering water (e = 78.36) and cyclohexane (e = 2.02) as solvents. 48 The B3LYP/6-31+G(d,p)/CPCM and TD-B3LYP/6-31+G(d,p)/CPCM levels of theory were adopted to locate the ground and excited state minimum energy structures. All calculations were performed with the Gaussian09 suite of programs. 49 
Microfluorimetry for binding and selectivity studies
Batch re-binding tests were performed using microfluorimetry on a confocal laser-scanning microscope. 50 The albumin fluorescein isothiocyanate conjugate (BSA-FITC), in the 0.01-2.25 mM range, was used to directly visualize the adsorption in the polymer matrix (5 mg) suspended in 0.5 mL of PBS buffer. Selectivity studies were carried out by performing competition assays through the addition of binary protein mixtures of BSA-FITC, and alternately BSA, lysozyme (LYS) and ovalbumin (OVA), to a suspension including polymer gel particles. All captured images were analyzed with public domain imageprocessing ImageJ software. For details see the ESI. † Steady-state and lifetime fluorescence studies for BSA/dansylHyPPIs interactions
Fluorescence emission spectra and lifetime values of dansylHyPPIs and those in complex with BSA were collected in a quartz cell using a spectrofluorometer (FluoroMax-4 Horiba Scientific). Selectivity experiments were carried out through lysozyme or ovalbumin adsorption, exploring the 0-2 mM range. For all details see the ESI. †
Statistical analysis
All data are presented as means AE standard deviation (S.D.). The significant differences between groups were evaluated with Tukey's method after analysis of variance (ANOVA). In all statistical analyses, **p o 0.05 was considered to be statistically significant.
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